The mechanism of action of electroconvulsive seizures (ECS), one of the most effective treatments of major depression, may involve the regulation of gene expression. Chromatin remodeling at gene promoter regions is increasingly recognized as a key control point of gene expression and may, therefore, partly mediate acute and chronic effects of ECS on gene activity. Here, we assayed how posttranslational modifications of histones, a major form of chromatin remodeling, are altered at several gene promoters in rat hippocampus at 30 min, 2 hr, and 24 hr after acute or repeated ECS. We performed chromatin immunoprecipitation assays to measure levels of histone H3 and H4 acetylation and phosphoacetylation at the promoters of the c-fos, BDNF, and CREB (cAMP response element-binding protein) genes, the expression of which is altered by ECS. We found that, with few exceptions, levels of H4 acetylation correlated with mRNA levels for c-fos, BDNF, and CREB throughout the acute and chronic time course study, whereas acetylation and phosphoacetylation of H3 were detected more selectively. Our findings suggest that the chronic downregulation of c-fos transcription, observed in this study, may be achieved at the level of H4 acetylation, whereas chronic upregulation of BDNF transcription may be sustained via control of H3 acetylation, selectively at the BDNF P3 and P4 promoters. These data provide the first in vivo demonstration of the involvement of chromatin remodeling in ECS-induced regulation of gene expression in the brain and will help in understanding the mechanisms underlying the efficacy of ECS in the treatment of depression.
Introduction
Chromatin remodeling is a dynamic process that modulates gene expression in dividing as well as non-dividing cells, such as neurons (Guan et al., 2002; Huang et al., 2002; Crosio et al., 2003) . Histone modification represents one prominent form of chromatin remodeling. According to the "histone code theory," different modifications of histones at a particular promoter region, alone or in combination, define a specific epigenetic state that encodes gene activation versus gene silencing (Jenuwein and Allis, 2001 ). Acetylation of histones loosens the structural interactions between DNA and histones, allowing the transcriptional machinery access to the promoters of particular genes. Hyperacetylation at promoters indicates an increase in gene activity, whereas hypoacetylation marks a decrease in activity (for review, see Grunstein, 1997) . Acetylation at multiple lysine residues on the N-terminal tail of histone H4, as well as acetylation at Lys9 and Lys14 on histone H3, are common modifications enriched at transcriptionally active genes (Turner, 2002) . Furthermore, Ser10 phosphorylation of H3 is synergistically coupled with its acetylation at Lys14 (Cheung et al., 2000) .
Here, we examined how acute or chronic electroconvulsive seizures (ECS) alter these histone modifications in the hippocampus, a brain region implicated in the pathophysiology of depression in humans and in models of depression in animals (Duman et al., 1997; Manji et al., 2001; Nestler et al., 2002) . Acute seizures increase neuronal activity and stimulate the expression of numerous genes, including the immediate-early gene c-fos and BDNF. Levels of c-fos mRNA peak within minutes, whereas levels of BDNF mRNA peak a few hours after the onset of ECS, but both increases are transient (Morgan et al., 1987; Nibuya et al., 1995) . Repeated administration of ECS is one of the most effective treatments of depression, but the molecular mechanisms underlying its clinical effects are incompletely understood (Duman et al., 1997; Hiroi et al., 1998; Chen et al., 2000; Manji et al., 2001; D'Sa and Duman, 2002; Nestler et al., 2002) . Several molecules, however, have been implicated to play a role in chronic ECS action, including BDNF and the transcription factor CREB (cAMPresponse element binding protein). Levels of BDNF and CREB are upregulated in the hippocampus by chronic ECS (Nibuya et al., 1995 (Nibuya et al., , 1996 , effects directly linked to antidepressant activity in animal models (Chen et al., 2001; Shirayama et al., 2002) . Furthermore, chronic ECS causes a long-term downregulation of c-fos mRNA levels (Winston et al., 1990) .
One way ECS could induce long-term changes in the expres-sion of particular genes is through alterations in histone modifications at the promoter regions of these genes. This study provides the first endeavor to characterize such chromatin modifications in the brain after acute and chronic ECS. Using chromatin immunoprecipitation (ChIP) assays, we measured levels of H4 acetylation, H3 acetylation, and H3 phosphoacetylation at the c-fos, BDNF, and CREB promoters in the hippocampus of rats at 30 min, 2 hr, and 24 hr after an acute or repeated ECS. Our data indicate complex, time-dependent changes in histone modifications at these promoters, which provide new insight into the mechanisms governing ECS-induced regulation of gene expression in the brain.
Materials and Methods
ECS treatment. Adult male Sprague Dawley rats, 250 -275 gm, received a single ECS via ear-clip electrodes (acute group) or daily ECS for 7 d (chronic group) between 11:00 A.M. and 12:00 P.M. each day (ECS frequency, 100 pulses/sec; pulse width, 0.5 msec; shock duration, 0.5 sec; current, 50 mA). Control animals received sham treatments: they were handled identically to ECS-treated animals but without electrical stimulation. Animals were killed by decapitation 30 min, 2 hr, or 24 hr after the last seizure.
Chromatin immunoprecipitation assays. Brain tissue was processed into chromatin by use of published protocols (Johnson and Bresnick, 2002; Wells and Farnham, 2002) with some modifications. Whole hippocampus, including subiculum, was removed from decapitated rats by gross dissection, minced to ϳ1 mm-sized pieces, and immediately crosslinked in 1% formaldehyde for 15 min at room temperature. The crosslinking reaction was stopped by adding glycine to a final concentration of 0.125 M. The tissue was washed four to six times in cold PBS containing proteinase inhibitors (1 mM PMSF, 1 g/ml apoprotin, and 1 g/ml pepstatin A) and then frozen on dry ice.
The chromatin was solubilized and extracted by detergent lysis, followed by sonication. First, minced, fixed hippocampal tissue was homogenized twice, for 10 sec, in a cell lysis buffer (10 mM Tris, 10 mM NaCl, and 0.2% NP-40). The homogenate was centrifuged at 5500 ϫ g for 5 min. The supernatant, containing extracellular debris, was decanted, and the pellet was homogenized two more times, for 10 sec, using nuclear lysis buffer (ChIP kit number 17-295; Upstate Biotechnology, Lake Placid, NY). Next, the extracted chromatin was sheared to 400 -600 bp using the Sonic Dismembrator 550 (Fisher, Hampton, NH). Each sample was sonicated five times on ice, 20 sec each, at 25% of maximum power.
Chromatin immunoprecipitation assays were performed to measure the levels of histone acetylation or phosphoacetylation at various promoter regions. A protocol outlined in the ChIP kit (Upstate Biotechnology) was used, with some modifications. After the chromatin lysate was extracted and properly fragmented to 400 -600 bp, the optical density of each sample was determined. Equal amounts of chromatin lysate (60 g) were diluted with ChIP dilution buffer (kit number 17-295; Upstate Biotechnology) to a final volume of 1.5 ml. One hundred microliters of the pre-immunoprecipitated lysate were saved as "input" for later normalization.
The chromatin solution was pre-cleared with salmon sperm DNA/ protein A-agarose 50% gel slurry (catalog #22811; Pierce, Rockford, IL) for 45 min. It was then immunoprecipitated overnight at 4°C with 5 g of antibody directed against H3 acetylated on Lys9 and Lys14 (kit number 06-599), 7 g of antibody directed against H3 phosphorylated at Ser10 and acetylated at Lys14 (kit number 07-081), and 5 g of antibody directed against H4 acetylated at Lys5, Lys8, Lys12, and Lys16 (kit number 06-866; Upstate Biotechnology). The specificity of these antibodies in chromatin immunoprecipitation assays has been established (Cheung et al., 2000; Huang et al., 2002) . As a control, samples were immunoprecipitated with 5 g nonimmune rabbit IgG (kit number 12-370; Upstate Biotechnology). After immunoprecipitation, the DNA-histone complex was collected with 40 l of salmon sperm DNA/protein A-agarose beads for 2 hr. The beads were sequentially washed once with low salt, high salt, and LiCl and washed twice with 10 mM Tris (pH 8)/1 mM EDTA buffers (kit number 17-295; Upstate Biotechnology). The DNA-histone complex was then eluted from the beads with 500 l of NaHCO 3 /SDS elution buffer. DNA and histones were dissociated at 65°C for 4 hr under highsalt conditions. Proteins were digested using proteinase K treatment for 1 hr at 45°C. The DNA, associated with acetylated and phosphoacetylated histones, was extracted with phenol/chlorophorm/isoamyl alcohol, precipitated with 100% ethanol, and finally resuspended in 80 l of PCRgrade water. Most ChIP experiments were performed twice, on two independent tissue samples, for confirmation.
Quantification of DNA by real-time PCR. Levels of specific histone modifications at each gene promoter of interest were determined by measuring the amount of acetylated or phosphoacetylated histoneassociated DNA by quantitative real-time PCR (ABI Prism 7700; Applied Biosystems, Foster City, CA). Specific primers were designed to amplify proximal promoter regions, Ͻ200 bp long. For c-fos, the primers 5Ј-TTCTCTGTTCCGCTCATGACGT-3Ј and 5Ј-CTTCTCAGTTGCTAG-CTGCAATCG-3Ј amplified a region 140 bp upstream of the start codon, which contains a TATA box and a cAMP response element (CRE) consensus sequence. The following primers were used to selectively amplify portions of the BDNF P1, P2, P3, or P4 promoter: for BDNF P1, 5Ј-TGATCATCACTCACGACCACG-3Ј and 5Ј-CAGCCTCTCTGAGC-CAGTTACG-3Ј; for BDNF P2, 5Ј-TGAGGATAGGGGTGGAGTTG-3Ј and 5Ј-GCAGCAGGAGGAAAAGGTTA-3Ј; for BDNF P3, 5Ј-GCGCG-GAATTCTGATTCTGGTAAT-3Ј and 5Ј-GAGAGGGCTCCACGCTGC-CTTGACG-3Ј; for BDNF P4, 5Ј-TGCAGGGGAATTAGGGATAC-3Ј and 5Ј-TCTTCGGTTGAGCTTCGATT-3Ј. For CREB, the primers 5Ј-CATTT-ACTAACCCAGCCACCACA-3Ј and 5Ј-GGAGGAGCGTTACAAGCCC-TAC-3Ј amplified a region of the CREB promoter at Ϫ100 bp. Finally, ␤-tubulin (5Ј-TAGAACCTTCCTGCGGTCGT-3Ј and 5Ј-TTTTCTTCT-GGGCTGGTCTC-3Ј), synaptophysin (5Ј-TCATCTGGTAGAACTGA-GCGGTC-3Ј and 5Ј-GAGGCTGTGGGTTTTAGAGGAA-3Ј), and ⑀-globin (5Ј-TGACCAATAGTCTCGGAGTCCTG-3Ј and 5Ј-AGGCTGAAGGC-CTGTCCTTT-3Ј) were used as controls. Input and immunoprecipitated DNA amplification reactions were run in triplicate in the presence of SYBRGreen (Applied Biosystems). Ct values from each sample were obtained using the Sequence Detector 1.1 software. Relative quantification of template was performed as described previously by Chakrabarti et al. (2002) and by the Applied Biosystems manual, with some modifications. Briefly, a ⌬Ct value representing the difference between control Ct and experimental Ct (acute or chronic) was calculated, using the formula: ⌬Ct ϭ (Nacute,chronic Ϫ Navecontrol) ϫ Ctavecontrol, where N is the normalized Ct value of H4 [Ct(H4)/Ct(Input)] or of H3 [Ct(H3)/Ct(Input)], Nave is the mean N value for the control, and Ctave is the mean Ct value for the control. Fold differences (acute or chronic ChIP relative to control ChIP) were then determined by raising 2 to the ⌬Ct power. Mean and SEM values were determined for each fold difference, and these values were used in two-tailed paired t tests (which were adjusted for multiple comparisons) to determine statistical significance ( p Ͻ 0.05). Each PCR reaction, run in triplicate for each brain sample, was repeated at least two independent times.
Measuring mRNA levels by RT-PCR. The whole hippocampus of rats receiving acute or chronic ECS treatments was collected for RNA quantification. RNA was extracted using Trizol reagent from RNA STAT-60 and precipitated with isopropanol. The purified RNA was DNase treated (Ambion, Austin, TX). mRNA was reverse transcribed to cDNA using a first-strand synthesis kit (Invitrogen, Carlsbad, CA). The amount of cDNA was also quantified using real-time PCR. The following primers were used to amplify specific cDNA regions of the transcripts of interest: c-fos (5Ј-GGAATTAACCTGGTGCTGGA-3Ј and 5Ј-TGAACATGG-ACGCTGAAGAG-3Ј), BDNF (total) (5Ј-CCATAAGGACGCGGA-CTTGTAC-3Ј and 5Ј-AGACATGTTTGCGGCATCCAGG-3Ј), CREB (5Ј-AGTGACTGAGGAGCTTGTACCA-3Ј and 5Ј-TGTGGCTGGGC-TTGAAC-3Ј), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5Ј-AACGACCCCTTCATTGAC-3Ј and 5Ј-TCCACGACATACTCAGCAC-3Ј). Primers for BDNF exons I-IV, driven by promoters P1 through P4, respectively, were used as described previously (Tao et al., 1998) . GAPDH quantification was used as an internal control for normalization. Fold differences of mRNA levels over control values were calculated using the ⌬Ct method as described previously (Applied Biosystems manual). PCR reactions were repeated at least two independent times.
Results

Quantification of histone modifications by chromatin immunoprecipitation assays
To better understand the molecular actions of ECS, we studied the histone architecture at the promoter regions of the c-fos, BDNF, and CREB genes in the hippocampus after acute or repeated ECS. Because chromatin remodeling is a dynamic process, we studied histone modifications at these promoters at several different time points (30 min, 2 hr, and 24 hr after acute ECS and 2 and 24 hr after chronic ECS) to clearly differentiate between acute and chronic ECS effects. At these time points, the hippocampus was extracted, minced, and fixed in 1% formaldehyde to cross-link proteins bound to DNA in vivo. The cross-linked chromatin was then sheared to fragments of ϳ500 bp in length via vigorous sonication (Fig. 1 A) . We then performed chromatin immunoprecipitation assays with antibodies against polyacetylated H4 (acH4), acetylated H3 (acH3), or phosphoacetylated H3 (p/acH3) and quantified the amount of DNA associated with the modified histones using real-time PCR.
Several controls were performed to confirm the specificity and validity of our assays. To control for the specificity of antibody binding, we immunoprecipitated chromatin samples with nonimmune IgG, which precipitated negligible levels of the various genes studied (Fig. 1 B) . To ensure that our technique allowed us to measure acetylation of histones only at promoter regions in the genome where acetylation was present in vivo (i.e., active genes), we confirmed that acetylation was absent in hippocampal tissue at transcriptionally silenced genes, such as the ⑀-globin gene, which is inactivated within neurons early in development (Fig. 1 B) . Finally, we measured levels of histone acetylation in the hippocampus at the promoters of the ␤-tubulin and synaptophysin genes, which are expressed in adult hippocampus but with expression levels that are reportedly unchanged in this region after ECS (Chen et al., 2001; Newton et al., 2003) . Indeed, levels of histone modifications at these loci did not differ between control and ECS-treated animals (Figs. 1B, 2 ). These findings indicate that the observed changes in histones at the c-fos, BDNF, and CREB genes, which are presented below, are not global but are rather limited to genes with expression that varies as a result of ECS treatment.
Histone modifications at the c-fos promoter
We first assayed histone modifications at the c-fos promoter after acute and chronic ECS. We found that H4 acetylation at the c-fos promoter in hippocampus increases more than threefold over control values as soon as 30 min after an acute ECS (Figs. 2, 3A; Table 1 ). This finding was not surprising, given that c-fos is an immediate-early gene that is activated within minutes of neuronal stimulation. In fact, seizures have been shown to induce the rapid and transient increase in c-fos mRNA levels in the hippocampus, peaking 45 min after seizure onset (Morgan et al., 1987) . At 2 hr after an acute ECS, H4 acetylation at the c-fos promoter was still approximately threefold higher compared with control animals. In addition, we were able to detect a 3.7-fold increase in phosphoacetylated H3 at this time point. By 24 hr, the level of H4 acetylation had returned to control, and the level of H3 phosphoacetylation was decreased below the level of detection. Levels of acetylated H3 (i.e., H3 acetylation without concomitant phosphorylation) were assayed as well. We did not find any statistically significant changes in H3 acetylation at the c-fos promoter 30 min, 2 hr, or 24 hr after acute ECS, although this measure was highly variable for c-fos.
Chronic ECS generally elicited similar histone modifications at the c-fos promoter in the hippocampus. Levels of H4 acetylation and H3 phosphoacetylation were both increased 2 hr after chronic ECS, and measures of H3 acetylation were highly variable. However, one prominent difference between the acute and chronic setting was observed: levels of H4 acetylation were signif- icantly decreased 24 hr after chronic ECS, an effect not observed in the acute situation (Figs. 2, 3A ; Table 1 ). Given the previous report that chronic ECS desensitizes the c-fos gene in the hippocampus (Winston et al., 1990) , the reduction we observed in H4 acetylation after chronic ECS conditions implicates this step of chromatin remodeling as a feature of the desensitization process.
To test the degree to which H4 acetylation correlates with the transcriptional activity of the c-fos gene, we measured c-fos mRNA levels in the hippocampus after acute or chronic ECS. Levels of c-fos mRNA were quantified using real-time PCR and normalized to GAPDH mRNA levels that were unaffected by ECS treatments (data not shown). As reported previously (Morgan et al., 1987) , c-fos mRNA expression was dramatically (30-fold) induced 30 min after an acute ECS, remained elevated (15-fold) at 2 hr, and returned to control values by 24 hr ( Fig. 3A ; Table 1 ). In contrast, 24 hr after chronic ECS, mRNA levels were significantly decreased to ϳ60% of control levels. These results replicate downregulation of c-fos transcription after chronic ECS (Winston et al., 1990) . In addition, the results provide additional evidence that, for the c-fos gene, levels of H4 acetylation correlate with levels of transcription, whereas no such general correlation was apparent between c-fos transcription and levels of H3 phosphoacetylation or acetylation. It is important to emphasize, of course, that these are correlations only and that causal relationships between histone modification and gene expression in the brain in vivo will require additional investigation.
Histone modifications at the BDNF promoters
We next examined how histone modifications are altered in the hippocampus by acute and chronic ECS at the BDNF gene, which has been directly implicated in the antidepressant actions of this treatment (see above). We first examined how histone modifications are altered at the BDNF P2 promoter, one of four BDNF promoters (P1 through P4) that can differentially regulate BDNF expression in the rat brain . Each promoter drives the expression of a distinct mRNA, although each transcript encodes an identical BDNF protein. Compared with the other BDNF promoters, P2 shows the most prominent increase in H4 acetylation in the hippocampus after an acute episode of pilocarpine-induced seizure (Huang et al., 2002) , suggesting that acute ECS might similarly increase histone acetylation preferentially at this BDNF promoter. Thirty minutes after an acute ECS, we did not detect any significant change in H4 acetylation, H3 acetylation, or H3 phosphoacetylation at the P2 promoter ( Fig. 4 ; Table 1 ). Levels of total BDNF mRNA were increased at this time point, but only by 1.8-fold. Two hours after acute ECS, however, we detected an almost threefold increase in H4 acetylation but no change in H3 acetylation or phosphoacetylation. The increase in H4 acetylation at the P2 promoter 2 hr after acute ECS correlates with the nearly fivefold increase we observed in total BDNF mRNA levels at this time point. This induction of BDNF mRNA expression in the hippocampus is consistent with previous findings (Nibuya et al., 1995) . Twenty-four hours after acute ECS, when total BDNF mRNA levels had returned to control values, levels of H4 acetylation at the P2 promoter had partially recovered toward control levels as well.
Examination of the effects of chronic ECS revealed several dramatic shifts in the regulation of histone modifications at the BDNF gene ( Fig. 4; Table 1 ). Again, focusing on the BDNF P2 promoter, levels of H3 acetylation and phosphoacetylation were increased 2 hr after chronic ECS, whereas they were not affected by acute ECS at this time point. By 24 hr after chronic ECS, however, these modifications no longer showed a significant change over control levels. Furthermore, although levels of H4 acetylation at the P2 promoter were induced 2 hr after chronic ECS (as seen also for the acute situation), by 24 hr levels of H4 acetylation were dramatically (approximately fourfold) decreased. This decrease did not correlate with the sustained approximate twofold increase in total BDNF mRNA levels we observed 24 hr after chronic ECS administration. This dissociation prompted us to (1) measure the mRNA levels driven by each distinct BDNF promoter and (2) to study how ECS affects the histone architecture at the other BDNF promoters (P1, P3, and P4), particularly under chronic treatment conditions.
Quantitative RT-PCR analysis of BDNF mRNA driven by the P1 through P4 promoters revealed that 30 min and 2 hr after acute ECS the mRNA levels of all four splice variants were significantly upregulated (data not shown). These data confirm previous studies of the promoter-specific regulation of BDNF mRNA after acute ECS or kainic acid treatments Dias et al., 2003) . Chronic ECS, however, showed more restricted BDNF upregulation. Although BDNF mRNA driven by the P1, P2, or P3 promoter was not significantly increased 24 hr after chronic ECS, BDNF mRNA driven by P4 showed a sustained twofold increase, which was highly significant (209 Ϯ 29% of control Ϯ SEM; n ϭ 4; p Ͻ 0.05). This suggests that the increase in total BDNF mRNA levels seen 24 hr after chronic ECS treatment is attributable to the selective activation of the BDNF P4 promoter.
Next, we examined changes in histone modifications at the BDNF P1, P3, and P4 promoters after acute or chronic ECS and compared these changes with our mRNA data. In contrast to the observed increase in H4 acetylation at the BDNF P2 promoter after acute ECS, there were no changes in H4 acetylation, but trends for induction of H3 acetylation, at the P3 and P4 promoters ( Fig. 4 ; Table 1 ). Moreover, these latter promoter regions showed significant chromatin regulation after chronic ECS. In particular, we observed a severalfold increase in H3 acetylation at the BDNF P3 and P4 promoters 24 hr after chronic ECS, which correlated with the increase in BDNF mRNA levels driven by the P4 promoter at this time point. H4 acetylation and H3 phosphoacetylation did not change significantly at the P3 or P4 promoters 24 hr after chronic ECS.
Histone modifications at the CREB promoter CREB is a transcription factor that regulates the expression of many genes and has been implicated directly in the antidepressant effects of ECS treatment in the hippocampus (as mentioned above). Furthermore, CREB is known to regulate the transcription of the c-fos and BDNF genes by binding to CRE sites within their promoters in its active (dimerized, phosphorylated) form. It was, therefore, of particular interest to study histone modifications at the CREB gene at varying time points after acute or chronic ECS. We found a significant, approximate threefold decrease in H4 acetylation at the CREB gene promoter in the hippocampus 30 min after an acute ECS ( Fig. 3B ; Table  1 ). There was no significant change in H3 acetylation or phosphoacetylation at this time point. Histone modifications at the CREB promoter at 2 hr after acute ECS were more divergent. First, there was a large, fivefold increase in H4 acetylation relative to control animals. This increase amounted to an eightfold change in H4 acetylation from 30 min to 2 hr after acute ECS. In contrast, levels of H3 acetylation showed a significant 2.7-fold decrease at 2 hr after acute ECS. At 24 hr after acute ECS, no parameter of histone modification was significantly affected at the CREB promoter. We also observed no significant change in CREB mRNA levels at 30 min, 2 hr, or 24 hr after acute ECS, although there was a trend toward a small (50%) increase in CREB expression at 2 hr ( Fig. 3B; Table 1) .
A similarly complicated pattern of histone modification at the CREB promoter in the hippocampus was observed after chronic ECS. Chronic ECS no longer increased H4 acetylation levels at the CREB promoter at the 2 hr time point as seen for acute ECS. In fact, a ϳ2.5-fold decrease in H4 acetylation levels were apparent by 24 hr after chronic ECS. In addition, levels of H3 acetylation were reduced at 2 hr, but increased at 24 hr, after chronic ECS. Finally, as seen for most measures, levels of phosphoacetylated H3 were low and variable and showed no significant regulation by chronic ECS. We also found that chronic ECS causes a small, but significant, decrease in CREB mRNA levels in the hippocampus at 24 hr. This was a surprising finding, given the previous report that chronic Figure 3 . Patterns of histone modifications after acute or chronic ECS at the c-fos and CREB promoters. Levels of mRNA for these genes were measured as well. Changes in histone modifications and mRNA are represented as mean Ϯ SEM of fold change over control (control, 1 Ϯ SEM; n ϭ 4 -6; *p Ͻ 0.05 from control). Values with large variability (in Table 1 , indicated by d ) are not depicted; these data points (data not shown) correspond to the time points written in gray. Table 1 presents all of the data in quantitative form. A, Changes at the c-fos promoter. At 30 min after an acute ECS, there was a 3.3-fold increase in H4 acetylation (acH4) and a 32.4-fold increase in levels of c-fos mRNA. At 2 hr after acute ECS, there was a threefold increase in H4 acetylation, a 3.7-fold increase in H3 phosphoacetylation (p/acH3), and a 15.1-fold increase in mRNA levels. At 24 hr after acute ECS, there were no significant changes in histone modifications or c-fos mRNA levels. After chronic ECS, the same histone modifications were observed at 2 hr as seen in the acute situation. However, at 24 hr, chronic ECS caused a twofold decrease in H4 acetylation, which correlated with a 1.8-fold decrease in levels of c-fos mRNA. B, Changes at the CREB promoter. At 30 min after an acute ECS, there was a 2.8-fold decrease in H4 acetylation, large variability in levels of H3 acetylation (acH3) and phosphoacetylation, and no change in CREB mRNA levels. At 2 hr after acute ECS, there was a 4.9-fold increase in H4 acetylation acutely, but a 2.7-fold decrease in H3 acetylation. CREB mRNA levels showed a trend toward a small (1.5-fold) increase. At 24 hr after acute ECS, no significant changes in histone modifications or CREB mRNA levels were observed. After chronic ECS, the major differences from the acute situation were seen at 24 hr, when a 2.5-fold decrease in H4 acetylation but a 2.4-fold increase in H3 acetylation were observed along with a 1.8-fold decrease in CREB mRNA levels.
ECS increases CREB mRNA expression in this brain region (Nibuya et al., 1996) . The explanation for this divergent finding is unknown. One possibility is that Nibuya et al. (1996) had demonstrated increased CREB expression in specific subfields of the hippocampus by in situ hybridization, whereas the regulation of CREB mRNA levels and histone modifications reported here would reflect global changes in these measures throughout the hippocampus.
Discussion
ECS remains one of the most effective treatments for major depression. Like chemical antidepressants, ECS exerts its clinical effects only after repeated administration, suggesting that longterm adaptations at the level of gene expression might be involved. The goal of the present study was to determine whether some of the genomic effects of ECS could be mediated at the level of chromatin remodeling, which has been shown in recent years to be a major determinant of gene regulation. We studied the effect of acute and chronic ECS on several common posttranslational modifications of histones H3 and H4 at three ECSregulated gene promoters: the immediate-early gene c-fos, the neurotrophic factor BDNF, and the transcription factor CREB, in the hippocampus. We found that, with few exceptions, levels of H4 acetylation correlate best with the expression of c-fos, BDNF, and CREB mRNA levels at several time points after acute and chronic ECS. This important observation supports the hypothesis that histone hyperacetylation is associated with increased levels of gene activity in the brain and proposes that measuring levels of H4 acetylation at a promoter might serve as a novel marker for the dynamic, in vivo state of the activity of a gene. There are two exceptions to this observed correlation, however, that should be highlighted.
First, levels of H4 acetylation were not a reliable measure for CREB expression during acute ECS treatment: we did not observe a significant increase in CREB mRNA levels after acute ECS, although H4 acetylation increased severalfold at the CREB promoter under these conditions. One possible explanation for this discrepancy is that other modifications at the CREB promoter counterbalance the effect of H4 acetylation. Chromatin remodeling is a dynamic process in which several histones can be modified within close temporal and spatial proximity. As suggested by the histone code hypothesis, a combination of several histone modifications may ultimately determine the outcome of gene expression. In support of this possibility, we observed a significant decrease in H3 acetylation at the CREB promoter after an acute ECS.
The second exception to the observed link between H4 acetylation and transcript levels was noticed at the BDNF P2 promoter 24 hr after chronic ECS, when total BDNF mRNA levels were increased, as reported previously (Nibuya et al., 1995) , whereas H4 acetylation was significantly decreased. A likely explanation for this discrepancy is that BDNF transcription is being regulated differently chronically than it is acutely. In support of this, we found that although acute seizure induces all four BDNF promoters, as shown previously Dias et al., 2003) , chronic ECS selectively induces the P4 promoter only. Moreover, we showed that among the histone modifications examined, only H3 acetylation showed a significant increase after chronic ECS, and this increase was specific for the P4 and P3 promoters. Recently, H4 acetylation at the BDNF P2 promoter was shown to increase significantly after an acute episode of pilocarpineinduced seizure, whereas no change was evident at the P3 promoter and a slight decrease was seen at the P4 promoter (Huang et al., 2002) . In our study, we have confirmed that acute seizure, in this case ECS, increases H4 acetylation selectively at the BDNF P2 promoter. Interestingly, such chromatin remodeling appears to shift toward the P3 and P4 promoters under chronic ECS conditions. It is noteworthy that whereas only BDNF P4 mRNA levels were significantly increased 24 hr after chronic ECS, H3 acetylation was induced at both the P4 and P3 promoters. This increase at P3, in the absence of increased BDNF P3 mRNA levels, could be explained by the fact that the P3 and P4 promoters are only 0.8 kb apart in the primary BDNF transcript , thus permitting some of the histone enrichments at P4 to also be detected at the P3 promoter. only short-term, transient effects, but also longer-term effects on gene activity. Specifically, the downregulation of H4 acetylation at the c-fos and CREB promoters, and the upregulation of H3 acetylation at the BDNF P3 and P4 promoters, provide proximal mechanisms by which chronic ECS might alter the expression of these three genes in the hippocampus. Such changes may well play an important role in modulating neuroplasticity in the adult brain. Indeed, the sustained activation of BDNF expression after chronic ECS, which we hypothesize may be mediated in part via H3 acetylation at the P3 and P4 promoters, could contribute to the antidepressant effects of ECS (Shirayama et al., 2002) . Similarly, the sustained inactivation of the c-fos gene after chronic ECS (Winston et al., 1990 ) may be mediated in part via reduced H4 acetylation at the promoter of the gene.
The mechanisms by which these sustained changes in histone modifications occur are not known. Chronic ECS-induced changes in histone acetylation could be regulated via recruitment of specific histone deacetylases (HDACs; enzymes that decrease histone acetylation), histone acetyltransferases (HATs; enzymes that increase histone acetylation), or proteins that regulate these enzymes. It is generally believed that HDACs and HATs are controlled mainly at the level of their recruitment to target promoters, but some evidence suggests that at least CREB-binding protein, a type of HAT, may be regulated directly through Ca 2ϩ signaling (West et al., 2002) . Our findings demonstrate the importance of better understanding the role of these enzymes and associated proteins and the signaling pathways that regulate them, not only in activity-dependent transcription but also in models relevant for chronic adaptation in the brain.
The results of the present study must be seen as a necessary first step in elucidating the types of changes in histone modifications that occur in the nervous system after acute and chronic ECS. Our findings reveal that acute and chronic ECS cause histone-, time-, and promoter-specific changes in the hippocampus and that some of these modifications are highly correlated with alterations in gene expression observed under these conditions. Additional characterization of these changes in histone modifications will contribute to our understanding of the mechanisms of action of ECS as a leading treatment for severe depression and, more generally, shed light on the molecular mechanisms governing gene regulation in the brain in vivo.
